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INTRODUCTION

This report presents the results of a reliability prediction study

of the propulsion systems for the NASA-MSFC Saturn V vehicle

shown in Figure 1. The TEMPO method of combining the failure

mode of each c omponent of the subsystems being analyzed was used

throughout the study, Since most of the configurations of the sub-

systems examined are presently in the development phase, this

prediction is based upon the current available data and should be

considered a preliminary estimate only.

This study was performed in collaboration with the ARINC Research

Corporation as an adjunct to the reliability prediction studies pertinent

to the various stages comprising the Saturn V Launch Vehicle System,

and administered by the Apollo Support Department of the General

Electric Company.':' The results of TEMPO's specific areas of in-

vestigation are presented. These include reliability estimates of

the propulsion systems for the S-IC, S-II, and S-IVB stages of the

Saturn V vehicle identified in Figure 1.

A review of the flight history of existing ballistic missiles indicates

that as the vehicles progress through the developmental flight test

program the reliability increases rapidly at first and then approaches

an asymptotic value. This asymptotic value of reliability is re-

ferred to as "state-of-the-art" reliability, t and it represents the

reliability potential after embryonic design failures have been identi-

field in the flight test program and eliminated.

_,Performance of this contract was conducted under the technical

direction of the Saturn Systems Office of NASA's Marshall Space

Flight Center and administered by General Electric Purchase Order

No. 036-850150-54081 under NASA Contract NASw-410.

tDesignated "state-of-art" reliability throughout the remainder of

this report.
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APOLLO SPACECRAFT
LENGTH

12'I0" 79 FEET

INSTRUMENT UNIT J-- _" /_"_ I

'_ t | i3 FEET I :.___ ::::_.-:2:--:-_- ::

J S-IVB STAGE
2l'8 ....... J-- LENGTH

.... 5B.5 FEET

1 200K ENGINE
.._. PROPE LLANT CAPAC ITY
,'i 230,000 LBS

:.',

3 .....

APPROXIMATE TOTAL LENGT H
36( FEET

33' - -

_--_-_i

S-I! STAGE
LENGTH

81.5 FEET
5 200K ENGINES

PROPELLANT CAPAC ITY
930,000 LBS

S-I C STAGE
LENGTH
138 FEET

5 1500K ENGINES
PROPELLANT CAPACITY

4,400,000 LBS

Figure 1. Saturn V vehicle configuration



SECTION I

PROPULSION SYSTEMS RELIABILITY

The leveling off of the predicted state-of-art reliability is due, as

the name implies, to the limitations in materials, design, manu-

facturing, and testing within the bounds of the current technology.

The methodology used in predicting the state-of-art reliability for

this study is based on the use of propulsion systems component data

from liquid propellant rocket engines in advanced phases of develop-

ment. Thus, the state-of-art estimates presented in this report

should reflect the reliability potential of the subject systems within

the limitations of the present technology. These estimates do not

imply a limitation of the subject system reliability to that predicted,

but are intended as a guide indicating what reliability level might

reasonably be expected of these systems.

This section describes the method used for prediction of the state-

of-art reliability of the propulsion systems for the S-IC, S-f1, and

S=IVB stages of the Saturn V vehicle. The methodology for evaluating

system reliability, as illustrated in Figure Z, required a failure or

malfunction analysis of each system to establish the components and

subsystems which are vital to its successful ope_'ation. Such an

analysis is essentially an inventory and examination of the compo-

nents to determine whether their failure will result in a corresponding

failure of the system and, if so, the manner in which the system will

fail. The malfunction analysis is used to establish a failure network

(or failure mode analysis) for the system which permits overall

system reliability to be estimated from component reliabilities.

To facilitate the reliability prediction, each propulsion system was

divided into functional equipment systems, each of which operates

independently of the others and can thus be analyzed separately.

These systems are:

I. Fuel system {includes tankage and associated plumbing

required to deliver fuel to the engine systeml.

Z. Oxidizer system {includes tankage and associated plumbing

required to deliver oxidizer to the engine system).
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3. Hydraulic control system (required for engine gimballing).

4. Control pressure system (supplies an inert gas at ambient

temperature for valve actuation).

5. Engine system.

Malfunction and failure mode analyses were performed to determine

the reliability of each system. The state-of-art reliability of the

propulsion system is obtained from a combination of the re/labilities

for all the independent equipment systems.

SYSTEM t

i i! ii ii

SYSTEM 2

SYSTEM 3

• - ill

COMPONENT
FAI LURE

MODES

COMPONENT
FAILURE

MECHANISMS

HARDWARE
EXPERIENCE

r

PROBABILITYOF JCOMPONENT
FAILURE

MALF UNCTION
ANALYSIS

Figure 2. Methodology for establishing system design reliability



SECTION II

COMPONENT RELIABILITY DATA

State-of-art reliability estimates should be required for each phase

of a missile systems' development program, from preliminary

design through the operational use of the missile. Table i outlines

the relationship of the reliability and engineering programs for the

four phases of a system development program. In the initial de-

velopmental phases the state-of-art estimates are the only estimates

that can be made since there is no existing system hardware test

data available to allow actual systems reliability to be determined.

These state-of-art estimates are then the only known source of re-

liability information based on actual failure data from which initial

design assessments and resource allocations can be made. In the

later phases of the development program these state-of-art estimates

are combined with reliability estimates of the hardware to aid in

the assessment of the program and to indicate critica| areas.

Failure data indicative of the current technological limitations of

the subject system in the actual flight operational environment are

required in all the phases in order to prepare the state-of-art

estimates. In compiling this state-of-art failure data for propulsion

and mechanical system components, the following factors were

considered:

I. Propulsion system components are operated for only a

small fraction of their lifetimes; therefore, operating environ-

ment is of greater importance than operating time.

g. In general, propulsion systems fail as the result of the

failure of a particular component to operate as required in a

particular operational mode (e.g., vent valve fails open,

vent valve fails closed, pressure switch fails closed, etc.).

The reliability assessment of these systems requires failure

data that includes an apportionment of the failures between

the component operational modes.

3. Expected operating environments are difficult to anticipate

or simulate. For this reason, the best failure data are obtained

from flight test results.

5
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Table 1. Objectives and tests of a rellability-englneering program

RELIABILITY PROGRAM

PHASE I

Objectives:

Type of tests:

PHASE II

Objectives:

Type of tests:

PHASE III

Objectives:

Type of tests:

PHASE IV

Objectives:

Type of tests:

Synthesis (malfunction analysis)

(l) Early recognition of failure

modes and problem areas
(2) Permits early recognition of

product maturity

(3) Evaluation and recommenda-
tion of design modifications

(4) Test planning

Attalnment

(1) Identlfy failure mechanlsms

(2) Identify failure modes

(I) Induced malfunction tests

(2) Tests-to-failure (llmlt tests,

endurance tests)

'Demonstration

(l) To establish probability that

all required failure mechanisms
have been located and
eliminated

(1) All type tests provide in-
formatlon

(2) Confidence tests

Maintenance

(1) To maintain system re-

liability throughout the

operational use of the system

(1) Aging tests

(2) Surveillance tests

(3) Reliabillty verification
tests*

ENGINEERING PROGRAM

Design

_'_'_tem spec iflcatlom

and drawings

(2) Test planning

(1) Feasibility tests

Development

(1) Establish proper system

functloning under limited
environment

(1) Functional test, limited

environment (Qualification
and PFRT tests)

'i

Operation "
(1) To' obtain proper system
functioning under actual

environment (includes human

factors and flight)

(1) Functional tests--actual

environment (Qualification)

Production

(1) To obtain proper system
functloning under production
conditions

(1) Functional tests

(acceptance tests)

(2) Quality verification tests*

*Roc ketdyne nomenc lature.

6
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Unfortunately, missile flight data cannot be relied upon to supply

sufficient information for establishing component reliability values

because the number of test flights is small and the monitoring of all

components is not feasible. The component data that are available

from missile flight programs are primarily maintenance data; that

is, tabulations of component failure modes and failure mechanisms

which have occurred in the checkout of the missiles. Such data are

useful in identifying component failure mechanisms and their relative

rates of occurrence_ but they do not provide the basis for establish-

ing the frequency of failures under conditions that exist in flight.

However_ the missile flight programs_ while not a source of compo-

nent failure data, do provide failure data on the major subsystems.

Nearly 10,000 well monitored runs on hot-fire test stands have been

made over the past five years on large liquid propellant rocket engines.

The environment to which the components are exposed in these firings

simulates the actual flight environment. The component failure data

from the test stand runs include both maintenance and cutoff failures

from engine systems in advance phase of development. During a

test maintenance failures may occur that do not necessarily result

in premature shutdown, but may necessitate corrective maintenance

before a specific test can be performed. Cutoff failures that occur

during a test result in premature shutdown and closely represent

actual failures in flight. The types of failure represented by the

cutoff data are those to be expected from components which are fully

developed and which have been properly inspected before use. These

cutoff stand components failure data, in conjunction with the missile

flight major subsytem failure data, were used to obtain the propulsion

system component state-of=art reliability estimates used in this study

and presented in Table 2.

To permit the data to be used for computing reliability estimates of

components in equipment systems other than the engine system, and

to average out the effects of design and environment, the failure rates

were organized into generalized groupings of components, such as

solenoid-actuated valves, pressure switches, etc. Because of the

high reliabilities exhibited by the components and the limited number

of tests, the generalized groupings were required, in many instances,

tc obtain minimal, statistically-significant, reliability estimates.

In order to indicate the relative reliability values of particular

vehicle designs, consideration must be given to differences in the

manner in which the vehicles are operated. Different modes of opera-

tion are particularly apparent in a comparison of: (1) a boost vehicle

7
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which is released from the launch pad after engine ignition and an

initial hold-down phase; (Z} an upper :stage vehicle such as the S-II

which is ignited in flight with no hold'down; and (3) the S-IVB stage

which may be ignited and shut down more than once in a single
mission.

The various vehicle operating modes that are possible can be con-

sidered to be different combinations of three operating phases: a

starting phase, a running or operating phase, and a shutdown phase.

For the purposes of the propulsion system reliability analysis, the

operating modes of the Saturn V stages were assigned to these three
phases as follows:

1. Start- The phase of operation beginning with the initiation

of the engine start cycle (including cool-down of the S-II a_,d

S-IVB stages) and extending until 3 seconds after full main

engine thrust has been attained:

z. Run- The principal operating phase, beginning with the

end of the start phase and continuing until the initiation of the

shutdown phase.

3. Shutdown- The phase of operation beginning with the

initiation of engine shutdown and proceeding until complete
termination of thrust haS been attained.

The apportionment of the component fai].ure data into the three

operating phases was based on data furnished by Rocktdyne 1 and

indicates the distribution of Cutoff failures between ignition plus 3

seconds of full thrust (start phase) and the full duration, full thrust

operation (run phase) for the Atlas booster and sustainer, Thor, and

H-1 engines. The apportionment of the data into failure modes or

phases not described in the Rocketdyne data was made by considering

either of the modes of failure in question as equally likely to happen

(fail open is as likely as fail closed).

A main oxidizer valve can be used as an example. Since this valve

failing open during the start phase would not be apparent until shut-

down, this failure would not be recorded as a start phase failure.

Thus all the failures indicated for the start phas-e must be due to

the valve failing closed. The remaining, or run phase, portion of

the valve failure probability was then equally apportioned between

the other phases and modes included in the cutoff failure data (fail

open during the start, run or shutdown phases, or fail closed during

the run phase). The probability of failing closed during the shutdown

9
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phase, which was not included in the cutoff data, was then considered

to exhibit the same reliability as during the start and run phases.

Other component reliability estimates were apportioned in a similar

ma nne r.

The component failure rate estimates listed in Table Z were made

by:

I. Assuming rocket engine components exhibit a constant

failure rate with time after the starting transients are

eli mina ted,

Z. Weighting, or apportioning, of the failures between the

various components by using the hot fire test stand data (e. g.,

determining a solenoid valve is X times more reliable than a

turbopump), and

3. Assuming the ratio of inflight-failure-rate to test-stand-

failure-rate of the engine system components is the same as

that exhibited by the complete engine system.

An analysis of hot fire engine test stand data s' indicates that, during

the steady state operation of the engine (run phase), the engine

failure rate is constant with time, The failure rate is constant

because:

I. The components used on the engines for the hot fire stand

tests are all debugged and checked:out before use and the only

hot fire engine tests considered were for engines in advanced

stages of development.

2, The engines and/or engine components used in the hot

fire tests are replaced before wearout becomes a factor.

Finally, it should be noted that ina past study s performed by

TEMPO personnel, ciose correlation between actual missile flight

subsystem failure data and the test stand component failure data

was obtained by comparing the former with state-of-art estimates

made for the same systems using the test stand component failure

data in Table 2.

10



SECTION III

FAILURE ANALYSIS RESULT S

Figure 3 is a block diagram of the S-II or S-IVB propulsion system.

The S-IG propulsion system is similar except that no "chill down" is

required. Reliability estimates are made for the systems NEOG

(no engine-out capability) and SEOC (single engine-ou£ capability).

Distinction between safe shutdown and catastrophic failure of an engine

has been made in these estimates. The safe shutdown (SSD) mode does

not in itself imply "engine out" capability but does prevent engine de-

struction of the stage and the resulting immediate abort. The SSD

mode actually allows an alternate mission capability and increased

manned safety including a time delay for aborts.

I
r

[NGIN[ gYSTEM

PURGE

START
RUN

STC_P/S r_

S-II, OR S-IV B PROPItL_ION SYSTEMS

'1
{ItYOR^I.II IC POWER)

1
1

TANK SYSTEM

• PURGE

• START

. RUN

STOP/S.D,

A) ENGIN[ OXIDIZER SLtBSYSTrM
B) ENGINE FtEL SUBSYSTEM

C) ENGINE GAS GENERATOR SUBSYSTrM

D} ENGINE PNEUMATIC CONTROL
SUBSYSTEM

E) ENGINE STAPT TAN_ SI.IBSYSTTM

F} ENGINE MISC. ll/Bf_, FITTINGS,
ETC., SUBSYSTEM

FILL & VENT

PRESSI_IZATION

SOLENOID OPERATION

Figure 3. Block diagram of J-2 propulsion system
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Figures 4 through i i in the pages which follow present simplified

schematics of the following equipment systems which comprise the

propulsion systems of the Saturn V vehicle:

i. F-I engine of S-IC stage

Z. S-IC stage fuel system

3. S-IC stage oxidizer system

4. S-IC stage control pressure system

5. J-Z engine

6. S-II stage hydraulic system

7. S-IVB stage hydraulic system

8. S®II and S-IVB stages tank and propellant feed system.

Tables 3 through I0 which follow the illustrations are "short form"

failure analysis charts for the systems listed above. The short form

is a simplified first estimate malfunction analysis in which redundant

failure modes are not considered since the analysis covers only major

considerations. Each system is considered for the various phases

of operation: purge, chill down (when required), engine start, run,

and shutdown (when a restart is required), or stop (when a restart

is not required).

Figure IZ is a plot of the reliability of the cluster (number of success-

ful stage operations before a failure) versus the single engine relia-

bility for a cluster of five F-I or five J-Z engines, four of which are

gimba[led. The graph is based on the concepts presented in the

TEMPO report s on Saturn C-I "Engine-Out Study, " performed for

NASA. The five curves take into account the thrust vector control

(TVC) system and the sensor system.

The TVC system reliability is based on the following equation:

P =- I-0.1 (iv - Pe0 )

where Pe0 is the total engine reliability and Pv

reliability in the catastrophic failure mode.

is the TVC system

12
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Table 3.

FAILURE ANALYSIS CHART FOR: 5-lC STAGE O_ SATIII(N V VEIrlCLE

SYSTEM FAILURE MOOES:
SYSTEM: F- 1 SINGLE ENG, INE SUB.qY_TEM 0. ALL FAILURES

1. ALL ENGINES FAIL 3. QUIDANCE FAILURE
STATE-OF-TIIE-ART ILELIAIHLITY F.STIMATT,: 2. SINGLE ENGINE FAILURE 4. CATASTROPHIC EXPLOSION

COMPONENT

Z

Thrust Chamber I i

Main Fuel Valve

(Any of twol

Fuel Pilot Valve 3

(Any of two)

L

4Igniter Fuel Valve

Either of two)

5

6

7

8

9

0

1

2

3

4

Sequence Valve

Main Oxidizer Valve

Either of two)

Oxidizer Pilot Valve

Either of two}

Gas Generator Valve

Four-way Solenoid

Start Sole noid

Four-way Solenoid

Cut- oil Sole hold

Gas Generator

Exhaust Duct and

Manifold

Tdbes, fittings, Lines

and Gaskets

Turbopump Assembly

Check Valve s

Either of two)

COMPONENT FAILURE MODE

u_5_
_z

Combustion tnstabi]- !

ity, injector failure,

burn through, etc.

Fail open 2

Fail closed 3

Fail open 4

Fail closed 5

Fail open

EFFrECT OF COMPONENT

FAILURE MODE

Fail closed 7

Fail open 8

Fail closed 9

Fail open 10

Fail closed !1

Fail open 12

Fail closed ! 3'

Fail open 14

Fall closed 15

Fail. open 16

Fail closed 17

Fail open 18

Fail closed 19

Combustion inetabil- Z0

ity, injector failure,

burn through, etc.

Rupture or burn Zl

through

Rupture or excessive 22

leakage

Mechanical failure 23

Fail open Z4

Fail closed 25

2,4

0

Z

0

Z

Valves are redundan 0

0

0

2

0

Z

0

2

0

2

0

3

2

3

Z

2

E

Z

Z
__ .......................

0

. _: .... LL _ ":± .......

TOTAL

LTIMATE FAILURE I_OBAMLITY
SYSTEM ASSIGNABLE TO

FAtLURE EACH OffRATING
PHASE

MODE (Xl0.4)

,TART !UN ! SHUT
)OWN

44 1

0
t --

0

:ll

:)l

0

:)1

l

!

).IZ

,.)l

:)l

Z

2

I

I

I

I

4

2

18

14

Z}l

0

[ ......

' 98

I

q

TMP 3,3068

...... - " "'I

..._. i_lFILvhi_ i ia-L.-

14
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Table 3. (Cont'd)

FAILURE ANALYSIS CHART FOR:

SYSTEM: F- l Engine (con! inur'd}

COMPONENT

t3eo

Z

S-IC STAGE: OF" SATUIIN V VEHICLE

SYSTEM FAILURE MODES:
0. ALL FAILURES

I. ALL ENGINES FA!L 3. GUIDANCE FAILURE

2, SINGLE ENGINE FAILURE 4. CATASTROPHIC EXPLOSION

COJUPONENT FAILURE MODE EFFECT OF COMPONENT IU[TIMATE FAJtURE P_OBABIUTY

FAILURE MODE SYSTEM ASSIGNABLE TO

[_ FAILURE EACH OPERATING
Z m MCX)E PHASE _A
_ p x 10 -

z STARTRUN SH_
DOWN

F-1 SINGLE ENGINE S! BSY FEM RUN R.ELIABILF Y = 990Z

INTEGRAL HYDRA rLIC

Gimbal Actuator Rupture or excessive _6

Lines and Fittings leakage

., i

Gimbal Actuator 15 All failures

and Se r.vo

(Either of two)

Z7

__ ;Y ST_E M_}

TOTAl.

3

(z)s

13

SIl_GLE ENGINE HYJ)RAL

NOTE: The com_onen(

are based on L

LOX- RPI prop

•IC SUBSYSTEM RELI _BIL _Y = .9987

reliability estimates g wen _re

]ure data obtained fro] cuz ent

ilant large rocket engl es.

TMP 33068

15
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GOX FI'OW(161)CONTROL VALVE. /_j _ (162) PRESSURE RELIEF SWITCH (156)

_od °
t50) L "_bLINE5 AND FITTINGS-GROUND

_ PRESSURIZATION (1641

._ I.OY LEVEE SENSOR AND INBD ENG CUT-OFF

O55)LOX FILL VALVE-PNEUMATIC (INBD ENG ONLY)
LOx riLL LINE AND FITTINGS 11 --

0sl)052) )L ]III \ A ES
LOX FEED vALVES-PI_IEUMATIC (TYPE FIVE PL C )

LO× FEEl) LINES AND FITTINGS (tYPE FIVE PLACES)

TO ENGINE
(REF. SATURN S-IC STAGE

SYSTEMS DES_I_IPTION,

MARSHAl t SPACE F LIG H1 CENTER,

HUI'41SVIL LF, ALAI_AMA)

Figure 6. S-I C stage oxidizer system of Saturn V vehicle

...... • -1--

_ l'-|llP" | i | I-I_l
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Table 4.

rAIIItRE AM^I'Ve, IS CIIARI {qlIOR1 I'OI1M)FOR:

SYSTEM: 1,'lU<l, SY,%'I'GM

,'-IT AT lq-Ol.'-'l'tll:- ART I._1;I ,l AP, II ,ltY

FkqTlM/% TIC

]

(-OMPOb,IENI _ COMPOI',I[F,IT r ,lltlrE MODf

x)

z_

Dineonnect-helium fill.

Filter-helium fill,

Shut-off valve helium

fill.

tlelium storage

bottles (4}.

lligh pressure O.K.

_witch-helium.

Helium heat exchangers

F-I engines (5}

{any of five).

Presstire relief

valve- He manifold.

Flow control valves-

Helium (5) lany of five).)•

Container pressure

control switch.

Vent valve-fuel tank•

Flight relief switch•

Disconnect-ground lie

)r essurtzation.

;heck valve-ground lie

r e._surization.

Fuel tank.

Fuel level-sensor

___

¢ Z

:-;-IC _'I'A(;I; (H' :gATIIIIN V VI,HI]CI,I';

_z

E]×r-ess ]eak;igc; or I

f,x i L_ o_!pe n •

Plugs; excess Z

:: 1%ak,__,,.
io_ _{;n..o2_n-;-------

104

q6_

106

107

108

109

110

ill

112

113

114

115

Pneumatic valve-fuel 116

fill. j __

Discot_nect - Fuel fill 117

Pneumatic valves fuel 118

J

Fails closed. 4

Rilillure_4; or o,,tlet

Fails to <Olne on-at 6

Fails to go off at 7

less than Z850 ps_._ _

Rupture or burnout 8

of interface, loss of

turbine exhaust flow

or loss at helinm

flow.

Fail open lr_ flight_ [_9_

Fail closed in fligl_t_, _ l o

Fail open. .... t 1

Fail closed• 1_

Fails to indicate

owe FOr e.=l siJ r e or

indicates overpres-

snre when none

OCCUr _.

Fails open. .. 1... !

Fails closed. 15

Fails to indicate 16

o__vc rpre s.qure , ....

FMse indication of ]7

__ressUre,

Excess leakage. 18

Fails open. _.... 19

Fails closed ___20

Leakage; or rupture. Zl

Indicates level 2Z

inaccurately• _ __ _

Fail open• __2 3

Fail closed, _ 2__4

Excess leakage• Z5

Fail, open. . _ 2.6

Fail closed, g7

Excessive leakage 28

Excessive leakage. 29

Excessive leakage. 30

Excessive leakage. _1

SYSTEM RELIABII ITY

feed (I0),

Fuel Feed Lines 119

12" diameter (10). ___ _

Fuel fill lines (1). 120

High Pressure-He 121

Tubing.

High Pressure-He 1Z2

Tubing Ground Su_yL .......

0• NO FAILURE

i. ALl [HOIN[S fklt

7, SIMGL[ ENGINE FMLU_,[

EFFECt : COMPONENT

FAILURE MODE

Redundant with vent

valve (110L

Redundant wit.h I_{_H),

Redundant with (I 10)•

I:

: .99s6

SYSTEM rAII.IfRE MODfg:

3. GUIDANCE FAIt!IP[

4. CATASTf_OPtttC [_PlOglOll

JITIMAII: I FAILUIp.f PROBABfl tl'¢

SYSTEM 1 ASSIONAB[{ TO

FAILURE [ACtt OPER_ Tilde,

,',,,'lODE PttA5_

ISTART [ RUN l '_lO\qt4

I

n i

-- i
I I

l _j

1

] __

1

1 i

4

1

0

---!

--1

--!
I
i

1.0

1.0

• 999q

._9_
I•0

• 999_

• 99q_

• 998t

,799_
.999 ¢,

• 999_

• 9_9s

• 999_

.9995
• 9_7_
• 999q

• 999_

1.0

..... -4

0 .999 _,

1 .999t

0 1.0

0 1.0

Z 1.0

2 --- 1_.0I_ .9 1

1 .999]

- _i,,,t,,_l'llii'll_i-l mi"_li_
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Table 5.

FAILURE ANALYSIS CHART (SHORT FORM) FOR: -._St&g_[_turn V Vehtcle --u

SYSTEM FAILURE NODES:
SYSTEM: Oxidizer System O. No Failure

State of the Art Reliability I. ALL ENGINES FAlL 3, GUIDANCE FAILURE

Estimate 2. SINGLE ENGINE FAILURE 4, CATASTROPHIC EXPLOSION

LOX tank

COMPONENT

LOK fill valve

- pneumatic (either of

two)

LOX fill lines & fitting_

(either of two)

LOX feed valves

(any of five]

LOX feed lines

fittings (any of five)

LOX level sensor

Pressure relief switch

LOX tank

Vent - Relief

Valve LOX tank

(either of two)

LOX check valve (any

of five )

GOX lines and fitting._

Heat exchangers (any
of five)

150

151

152

153

154

155

156

157

158

159

160

161

Pressure sensor-GOX 162

flow control

He - ground pressuriza 163

tlon disconnect

He - ground pre_suri- 164

zation lines

GOX flow control valve

COMPONENT FAILURE MODE

Excess leakage or

ruphlre

Fails open

Fails closed

Excess leakage or

rupture

Fail open
Fall closed

Excess leakage or

rupture

Inaccurate level

indication

IFai|s on; when should

be off

Vails off; when should

be on

Fails open

Fails closed

Fails open
Fails closed

Excess leakage or

rupture

Burn through or loss

of GOX or turbine gas

glow

Fail open
Fail closed

Inaccurate indication

of LOX tank pressure

Fail open

Fail closed

Excess leakage or

rupture

SYSTEM RE]-

Cm

r.

I

Z

3

4

5

6

7

8

9

!0

11

iZ

13

14

15

16

17

18

19

Z0

Zl

AB]

EFFECT OF COMPONENT

FAILURE MODE

Redundant with vent

valves

Redundant with vent

valves

Redundant with

>ressure switch

FY :.9931

aTIMArE ]FAItmE _osmltlry

SYSTEMi ASSIGNmLE TO
FAILURE EACH OPERATING

MODE PHASE
I

START

2, 4

I

0

0

° 1I

!

i

l, Z

1 ,

4

I

4

I

0

!

1

1

1

!, 4

1

0

0

, =,

!SHUT
RUN i _OWN

l'01

,

9996:

9996 _

9994

99901
9990

9985

9998

9998

9998

9999

9999

9995

ii.0

9997

1
19985

,9999

_9999

9998

1.0

1.0

9997

I
I

18
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OXIDIZER

PUMP

EMERGENCY

LO 2 VALVE

UT I LIZATION

VALVE'

OXIDIZER
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PUMI _NOT

INSTALLED
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HEAT
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SWITCH
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/
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JECTOR

GG BLEED

VALVE CONTROL _.

\II ,--_EL,U._
MAINSTAGE ,_ _LJ JCONTROL _. IGNITION

_CONTROL'_ _:p J_'_ p_ jr _ PHASE CONTROL

@ HELIUM TANK

GROUND FILL

®
TANKQ

DISCHARGE VALVE

START

FILTER

VENT

START TANK AND

GROUND RELIEF.,"

VALVE

VENT AND
RELIEF

THRUST CHAMBER FI

JACKET PURGE AND ( 36PRECONDITIONING

CONTR(

._ PURGEMANIFOLD
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I
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II
II
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/
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Figure 7. J-2 Engine system schematic
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Table 6.

I:AILURE ANALYSIS CHART FOR: 3-z ENGINE SYSTEM

SYSTEM: a t Engine Oxidizer Subsystem

COMPONENT COMPONENT FAILURE MODE
•- r

z_

at _Engine Oxidizer

_bsL_m:

Emergency shut off

oxidizer valve and pres

sure relief Vent

Z1

(sL. ;G, Sg., N. O. )

(see code)

LO Z Turbopump ZZ

LO 2 glowme te r

O Z turbopump seal

cavity purge bleed checl
valve.

(SL, p, Hy, N.c.)

LO Z Propellant Utiliza- Z5
tion Valve

(V. F.,SM, NO,)

Main LO Z (MOV) valve

(SL. , (3, two-stage

operation, Pn, N. C., )

Fails to remain Open, I

or closes premature-i

ly.

Pressure relief vent

fails.

Fails open, when

commanded to close.

During GH z startup,

and expiration of

mainstage timer;

during mainstage

operation-

Contamination

23 Bearing function, or

contamination

Z4 Leaks, or falls to

close, fails to open.

Z6

.m_

Sequencer valve of main Z7

LO z valve (pneumatic)

(3 way- 1_-mech-linked

to MOV)

Pressure Actuator con- Z8

trol valve of main LO Z

valve (3 way-Pn-]

Fails to operate

(normal position).

Fails to operate

(extreme position).

PU valve not in nor-

mal position during
start or shut down.

Fails to open, (FC).

Fails to close, (FO).

Z_
Fails to open, (FC}.

Fails to close, (FO).

Fails to open.

Premature opening or

locked in open position

cannot close at C/O.

EFFECT OF COMPONENT

FAILURE MODE

Engine operation

terminated (SSD).

Probable engine
destruction.

Engine operation

terminated (SSD)

Fires, explosions.

Fires, explosions.

Contamination,

ox pump freeze-up--

possible damage,

fire hazard.

Probability of inef-

ficient use of propel-

lants.
I* r[ It

Engine start not

achieved. Pump
stalls.

Engine cut off (SSD)

Possible stage sep-

aration problems.

Engine cut off (SSD).

May result In Ox ric_

cut off T/C damage

and Ox drainage.

RE START FAILURE PROBABILITY

(CHILL- ASSIGNABLE TO
EACH OI_RATIHG

DOWN) PHASE

, p x 10 4

START RUN SHUT
DOWN

gII S-IX B

0 4 Z 0 Z

o (z) (z) o (z}

0 I 14 0 0

o o (z) 0 o

o o (l) o o

1 0 1 0 0

(1) o (l) o o

0 0 1 0 0

O 0 1 o I o

1 1 0 0 1

0 4 Z 0 Z

0 0 0 l Z

0 5 0 0 0

o o l p l

,Engine C/O by main- 0 S 0 0

stage timer (SSD).

Fuel pump stall, ovel 0 Z Z Z

temp. due to LOX
rich condition.

TMP33068
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Table 6. (Gont'd)

FAI[URE ANALYSIS CHART FOR: ,I- 2 EN()INT: SY,qTT':M {(:m_tinue,l).

SYSTEM: b) F:nRin¢" Fu{'l ,_lll)s_. ,, Ill.

page 2

COMPONENT

z_

Z

ASI- Augmented spark

igniter oxidizer valw, s.

(P, Pn, NC)

29

Oxidizer turbine bi-pas_

valve.

(SL; G, N.O.)

3O

b) Eng!ne Fuel

Subsystem:

Gmergerrey shut-off 3 l

fuel valve

{S.L; C,, Sq, N.O.)

LH 2 Turbo pump 32

LH Z Flow meter 33

tI 2 turbo pump seal 34

cavity purge and bleed

system. 3 reqtd.

Main fuel valve (MFV} 35

(Two position; G, Pn)

Thrust chamber fuel

jacket purge and pre-

conditioning connect.

36

COMPONENT FAILURE MODE

Fails to open.

m _

EFFECT OF COMPOIqENT ' CHILL

FAILURE MODE DOWN

FAILURE PROBABILITY
ASSIGNABLE TO

EACH OPERATING
U _ PHASE
zg

tLi
'u. 7

uJ START RUN

May result in hard 0 1 {1)

start or detonation.

SHUT
DOWN

'0 1

["ails to close.

Fails closed, fails to

open aftvr cut off.

Fails open {fails to

close during start)

No restart fuel 0 I l 0 I

pump stall.

Excessive GG by- O 2 0 0 1

pass - low perf.

Fails to remain open,

or closes prematurel_o

Fails open, when

commanded to close.

Failure during GH 2

startup, and expira-

tion of mainstage

timer; during main-

stage operation.

Fails

l,eaks or fails to

close.

Fails to open.

Fails to open fully.

Fails to close (FO).

Fails closed.

Fails open,

Engine operation 0 4 2 0 2

terminated (SSD).

Engine destruction 0 (2) (2) 0 (2

Engine operation 0 1 14 0 0

terminated (SSD),

_=

Probable, will not 0 0 0 0 0

affect operation.

Pump freeze-up 2 0 g 0 0

failure.

Fire hazard (2) 0 12) 0 0

No engine start (SSD) 0 2 0 0 1

No effect, except for 0 0 0 0 1

re-start.

Prevents purge oper_ 1 0 0 0 0

tion, may cause hard

start due to improper

chill down.

Prevents past firing

purge.

0 0 0 I

TMP 33068

= ==-,._,LaNI I ItbqLl..
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Table 6. (C0nt'd)

FAI[IJR/ ANALYSIS; CIlART rOR: J-.' EN(HNI< ,_'Y,qTI_M (, ,,.,lhm.d).

d) lqngino P.v..,aU_ {:_}ntroI P.{kalzv

,_IllJ S y _ 1['111.

COMPONENT COMPONENT FAKU_E MODE EFFECT OF COMPONEN!
CHILL

"_ 'O1"' FAILURE MODE DOWN
c,m
Z_ ,- -

u.
2: ujZ

c) En_!ne Gas Gerle'ral:o

'_ bleed valw,G, G ItZ.

mechanically linked.

(P, Pn, N.G.).

G.G. Solenoid control

valve.

(3 position, 1°, Sd, N.

C.)

37

3B

G, G. Injector assembly 39

Heat exchanger s_sem- 40

bly.

Heat exchanger anti- 41

flood check valve (Ox.)

d) Engine Pneumatic

Control Package

Sub sy_ty _:

42aGontrol Valve

4-way, P, Sol, bias to

keep MFV, MOV, GGV,

closed.

1) Ignition Phase

2) Main stage operation 42b

phaso.

G.G. bleed valve contro 4_

Solenoid valve

llelium control 44

Two-vent port ,15

check valw'_

Vails to open. Engine cut off (SSI)). 0

Fails to (lose, G.G. burnout fire 0

hazat'd.

Fails open. Engine will not O

bootstrap (SSD),

Fails closed. Engine cannot start. 0

All failures. SSD 0

Detonations, fires. 0

All failures. 0

Fails. 0

Fails to actuate when No enjIine start. 0

energized.

Fails to close when Fuel rich cut off.

dee_ne rgized.

Fails Lo actuate when

energized.

Fails to close when

deenergtzed.

Fails open.

Fails closed.

Fails open.

Fails dosed.

F',_ il _ open,

No engine start at

expiration of main

stage timer.

MOV & GGV will not

close, O 2 rich cut ofl

GG & TG burn out.

See gas gen. sub- 0

system. (37)

0

No restart capability. 0

(SSD) 0

No lie pressure [or O

c ngine start,

No rostart.

paso 1

FAILURE I_O_ABILITY
ASSIGNABLE TO

EACH OI_RATINIG
PHASE

START RUN SHUT
DOWN

q-ll S.-I

1 I 0 1

5 I 1 l

I 1 0 1

1 1 0 l

7 3 0 I

(1) (I) '0 0

0 _ 0 0

0 1 0 0

I I 1 1

0 0 0 0 l

0 1 1 I 1

0 0 0 1 1

1 1 1 1

1 ] 0 1

1 0 0 1

I 1 1 1

2 0 0 Z

TMP 33068
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Table 6. (Cont'd)

FAILURE ANALYSIS CHART FOR: J-g ENGINE, SY,_TI::M (co,,tlnued)

SYSTEM: e) Gtl z Start and Tank Press_.:ization

Subsystem.

f) Mis<ellaneous Engine Subsystems.

COMPONENT COMPONENT FAILURE MODE

Vent port relief valve 46 Fails open.

(high pressure).

Low pressure relief 47 Fails open.

valve.

Roughing regulator. 4B Fails high.

Fails low.

4 He check valves. 49 Fails open.

e) GH Z Start and LH z

Tank Pressurization

Chamber gas filter. 50 Fails.

Check valves (two). 51 Fails.

Pressure switch. 52 Fails when required.

Open when not

required,

Start Tank Vent and 53 Fails closed.

Relief Valve.

Fails open.

Start Tank discharge 54 Fails to open for

valve (SL, G, Pn, N.C.] start.

Fails open after start

Start Tank discharge 55 Fails to open.

solenoid control valve.
Fails to close,

f) Misc. Z_n_isle_
Subsystems:

Main stage O. K,

pressure switch

56 Fails when required.

Fails when not req' d.

page 4

EFFECT OF COMPONENT CHILL

FAILURE MODE DOWN

No engine start.

No engine start.

Redundant with

relief valves.

Performance loss.

FAILL.I_ E _OBABILtTY
ASSIG NA_.LE TO

EACH OPERATING
PHASE

START RUN SHUT
DOWN

_]I !S-[ _

l 0 0 l

0 ! 0 0 1

0 0 0 0

0 1 Z 0 0

0 0 4 0 0

Contamination.

Loss of start.

Prevents restart.

Redundant.

Overpressur ization

of GII 2 start Lank,

may cause rupture.

Loss of restart,

Fuel turbine fails to

start.

GG combustion pro-

ducts on discharge

valve puppet.

0 0 I 0 0

0 i 0 0 1

0 0 0 0 2

0 1 0 0

0 0 0 1

5 0 0 0

0 0 0 l

Prevents start cycle. 0

Prevents restart. 0

l 0 0 1

1 0 0 1

No mainstage signal 0

(SSD).

Shuts down engine 0

in error.

4 0 0 0

0 Z 0 Z

TM P 3306g
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Table 6. (Cont'd)

FAILURE ANALYSIS C}IARI FOIl: .I ,_ I'_N(;INIZ ,c;ys'I'I.;KI (, onlinu,'d).

SYSTEM: f) [_|is(,'ll:l.,'rm_ l'_tll!in_, Sub_y_J,'ru_

COMPONENT COMPONENT _Ali IRE MODE

tu

z_,

Z _Z

Tubes, dut:tA, fittings. 57 All failure_.

Elec. Cables, fittings. 5X F'ailtlr_.s

Thrust Chamber 59 Burn thrn

(;Otlll)_|s Lion instabilit

whe re :

( ) indicates ¢atastr(

SSD Safe Engine SI

F.O. Fails Open

c/o Cut Off

T/C Thrust Charade r

Valve Code:

SL

P

G

VF

.Sol.

sq.

Hy.
SM

NO

NC

Spring Loade(

Po ppe t

Gate

Variable FIo_

Solenoid

Squibb Actuat,

Pneumatic Op

Hydraulic Op*:

Servo Motor

Normally OR(.

Normally CloJ

31"_i(: _ilurr mode

lut D ,vn

d

rate_

-at(,d

nd

EFrFET OF COMPONENT CHILL

FAILURE MODE DOWN

Som_ r_'d_ln(lant pair I

rll irlO I" ]('akS.

Fires, ¢'xplosions. 0

(,_SD) 0

(SSD) z

Fir. s, e×plosions. (I)

Zq (4)/8

Single 3-2 EnglnePe( : "978Z

Single J-8 TVC PT = . 9970

S- I S a e En inet_ _ d TVC

_5,4 1:1 = .890 (N.;I.O.C.)

for I E = 85%

Sen_or Reliability S = I -

FAILURE _OBA[ILITY
ASC,IG NIAI_LE TO

EACH OPERATING
PHASE

START RUN SHUT
DOWN

_[I _I_

I 4 0 I

o (z} o o

0 2 0 0

2 13 '0 0

5 (12) 0 n

(5)/79 127)/_[(0)17(41

I.Z5 ( - Pe ,)

45

IMP 33068

"_-- '-.-- _. __:.._ _-__ R.mL= ,eel m=
I

_,---_IW V i "111 -i lillt bff I ! r'lll
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(REF. SATURN S-IC

STAGE SYSTEMS

DESCRIPTION, MARSIIALL

SPACE FLIGflT CENTFR,

ItUNTSVILI.E, ALABAMA)

(185) FUEL AND LOX

FEED CONTROl

VALVES

(TYPE 5 PLACES).

(186) LINES AND

FITTINGS-FUEL

AND LOX FLOW

CONTROL

(184) LOX FILL

CONTROL-LINES

AND FITTING _ =

(182) FUEL LINES _

AND FITTINGS

(181) FUEL FILL II '183'toxFILL/
co._o_^_-_ _o_o_vE

II .7_,_'-_^_ _°_o"_"""°_
II _" _ / _81_UELVENT

(176) ENGINe !1 ] __ / CoNTRoL VALVE

L7 1 _ iL
_oENo,.Es_. Cl75>MANIFOLDLIN_S'_LO× VENT

_l_l/)oeel_iOi,]_Se/ ] AND FittiNGS __.ICONTROL VALVE

t_.,.o._------<L/--II
o., PRESS.RE_ /I
_.,.o., <_; 11

{_1..,.---(172) CHECK 7ALVE-FILL

l AND N 2 GROUND SUPPLY

(173) DISCONNECT--FILL AND GROUND SUPPLY

Figure 8. S-IC stage control pressure system of Saturn V vehicle
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Table 7.

FAILL_E ANALYSIS CIIART (SlieST rOl_M) FOR:

5¥5TFM Goni,'_fl Prc..sllre Sy.M,,m

Slalc _f lh,, Arl P.¢.liahiliiy _:_limah'

5-I(; SIaR,' r,f Sal.,'n V V,.hicle

COMPONENT

GN pl'eflsul'{ • lank No.
I Z

C,,N2 pres_nre lank
No, Z

Check valve - fill and

N Z gronnd supply

GN disconnecl - fill

an<_gro_lnd supply

Manifold r_.li,.f valw:

Manifold |inr,q and

fiOings

Engine p_Irge valve

Engine purge line_ and

fillings

F'uel vent control valve

LOX venl control valvl,

Lines and fillings - vcn
control

Fuel fill contr,,I valw_

Fuel fill lines and

fittings

LOX fill contr¢,l valves

LOX fill cr,ntrol lines

and fittings

Fuel and LOX feed

control valves (any of

five)

Fuel and LO_ cnntrol

line_ and fillinRs

SYSTEM FAILURE MODES:
O. No Fail.re

I. ALL ENGINES rAIL

2. 5INGLE ENGINE FAILURE

EFFECT OF COMPON[F4T

FAILURE MODE

Redundant

Redundan!

HCOMPON  T M0 E

zN
C_

170[ Rupture or exrt'ssiv,, l

17 l I Ruplhi'e c,r exc.s_ivp 2
i' !"ak ag,,

17211Fail open 3

Ii Fail closed 4

173 1 Fail open S

Fail , h,sed 6

17411 Fail op,'n 7

'_Fail closed 8

17filiRuplurr or r×er'ssive 9

leakaRr

17{,[ Fail open 10
Fail oh)see 11

177l Rllphlre of excessive ]Z

leakage

1781 Fail_ open 13
Fails closed 14

1791 Fails open 15

Fails closed 16

IR0[ P, upture or t,xee_sJve 17

leakage

181] Fails opnn 18

Fails clnsed 19

18Z] Sup ure or excessive Z0

leakage

183] Fails ()pen 21
I

Fails closed 22

184 1 Ruphtre or excessive Z3

185 _, Fails ,)pen 24

! Fails closed 25

1861R.pture or e×t-essive 26

leakal_e

SYSTEM REI_ IABI FrY :. 9981

3. GUIDANCE FAI[UI_E

,I. CATASTROPHIC E×PLOSION

3[TIMATI:I FAILURE P_O_,_BIIlTY

_;YC;TI'M i ASSIGNAB[E 10

FAILURE EACH OPERATING

MODE PHASE
!

SHUT
i
: START RUN I _OWN

l l.O

I 1.0

I .999c:

O .999q

I 1.0

0 ! 1.0

I -999q

4 .999q

1 .9997

I 1.0

0 1.0

l .999F

I .9999

4 .9999

I .9999

4 .9999

0 .9997

Z .9999

O .9999

O .9997

0 .9999

1 .9999

0 .9997

I .9999

3 .9999

I .9997
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• Table 8.

rail LIkE ANAIYMg CHA_T (5NOI_T PORMI rOll: S-If STAGE OF'

gYSFEM llydraulic

Single Engine Cnnlrol _ulisysioi+o _).

STATE-OF- TilE- AItT III_,I,IAIIII_,I'I'Y I_STIMATlr.; 2.

COMPOKIENT

Main Pump

Main Pump High Pres-

,qure Check Valve,

Main Pump Case Drain

Check Valve.

Auxiliary Pump and

Motor.

Auxiliary Pump High

Prensure Check Valve.

Auxiliary Pump Ca_e

Drain Check Valve.

Accumulator-

Reservoir Assembly..,.

Filters in lllgh Pres-

sure Lines

Either of two}.

Relief Valves tn fligh

Pressure Lines

(Either of two).

Serve Actuator

Assemblies (Either of

two).

High Pressure Lines

and Fittings.

-Low Pressure l,tne_

and Fittings.

Ground Pressure Line

Disconnect Assembly.

Ground Return l_ine

Disconnect Assembly.

SINGLE ENGINE }lYE

COMPONENT FAILI_E MODE

z_ zmC_

r_

70 Mechanical Failure. 1

71 _Falls open., z_

Fails closed, 3

72 I Fails open. 4

Fails closed, ----5-

7?, Meclianical failure. 6

74 t Fails open. ____

7_ :_ I FailsFails..... open.closed. 89

Fails closed. 10

76 [ Rupture or Leak 11

I Excessively.

77 __Elernent plugs. 1____2

tElement ruptures. 13

;i .........
Falls open. 14

Fails closed. 15

Mechanical failure, 16

I rupture or leak ex-

i cessively.

I Rupture or leak

excessively,

Rupture or leak

I excessively.

80_ Fails open.

i Fails closed.

81

RAt

Fails open.

Fails closed,

17

]g

19

Z0

Zl

ZZ

IC SYSTEM REI,IABIItIFY

SATURN Y VEIIICLE

SYSTEM FAII.t_EMODFS:
NO FAILURE
ALl [NGIN[51_AIL 31 GUIDANCE FAIlUrE
SINGLE ENGINE FAILURE 4, CATASTItOPItlC EXPLOSION

EFFECTOF COMPONENT ULTIMATE [fAILUrE l_t_al_ItIrv

FAILURE MODE SYSTEM / ASSIGNABLE TO

FAILURE / EACH OPERATING

MODE _ PHA_[ .4

#_._, ..... .ix_.
I ' i StlU_

STA_ I RUN i 'I)OWN
Iz3

3

o

3

........ =

0

o

o

0

3

0

i

3

o

3

3

3

]

o

3

o

TOT

1 i

I i

1 i

1 i

' I
----4 ......

I

1

2

z)!
- - -4 ........

0

!

z)t
........ t ............

Z)l

2lz

. 3

o

o
I ......

o

! ....

kL I 30

.9970

---.= ._--w,_ n lill ,

28



RM63TMP=22

E"

>-

6

_Z)

u

>

o_

C_

Ul

., _> 0
j o.
l >

t_mW_

Z "
oO

, _ L

Ll_glz-I

i_ ) _
____ J_ fi z

I __j_

d

v

_ m m

_m

I
I
I
I
I
I
I
I
I

uJ
ec

_3

1 2
T.

I
I

_ -5"

0 I ' I
--t- __- --t

,}o
o _I = _':

s r_

o I o

w ED

u

Z

_4

o_

5
_, o_

]-

U
u

I

I

I

I

O
-I

I-]

d
z

o
u_

O
C_

uZ

E

o
,m
w

a

r.

o

>
I

c;

o_

I.i_

"_. ;-_.,-- II_,

29



 CONIqD TTA i
RM63TMP-22

Table 9.

FAILURE AMAtYSIS CHART (SHORT FORM) FOR: -_TAGE OF SATURN V VEHICLE

SYSTEM: Flydraulic SYSTEM FAILURE MODES:

Single Engine Cnntrol Suh.ystem 0. NO FAILURE
t.

State-of-0_e-Art R,:liabitily Estimat(, 2,

COMPONENT __._JICOMPONENT FAILURE MODE

/

_N
!,

Engine Driven Main 200 i

i

Pump Z___

Main Pump High Pres- 201 '

sure Line Check Valve i

ALL ENGINES FAIL 3. GUIDANCE FAILURE

SINGLE ENGINE FAILURE 4. CATASTROPHIC EXPLOSION

EFFECT OF COMPONENT ULTIMATE FAILURE PRO_ABIIIT_

FAILURE MODE SYSTEM ASSIGNABLE TO

FAILURE EACH OPERATING

MODE PHASE(x I0"

SHUT

r

Main Pump Case Drain

Line Check Valve

High Pressure Filter

Accumulator-

Reservoir Assembly

High Pressure Relief

Valve

Actuator Assembly

Prefiltration Valve

(Either of two}

Mechanical failure.

Fails open.

Fail_ closed.

Actuator Assembly

Filter

IZ!ther of two)

Actuator Assembly

Bleed _ Sample Valve

_E_ither of two}

Actuator Assembly

Serve Valve (Either of

tw o}

-Actuator Piston, Engine

Linkage, and Feedback
Transducer (Either of

two_

High Pressure Lines

and Fittings

Low Pressure Lines

and Fittings

Electric Motor Driven

.Aux. Pump & Motor

Auxiliary Pump High

Pressure Line Check

Valve

Auxiliary Pump Low

Pressure Line Check

Valve

202 Fails open.

Fails closed,

203 Element plugs.

Element ruptures.

Z04 Ruptures or leaks

excessively,

Z05 Fails o_]?en.
Fails closed.

206 FMls open.
Fails closed

r_ START i RUN '3OWN

1 ] 12

Z 3 1

3 3 1

_ . . . __

4 3 1

5 3 1

6 3 1

7 0 0

8 3 Z

9 3 1

10 0 I

11 0 1

12 3 1

207 Element plugs.

Element Ruptures.

208 Fails open.

Fails closed.

209 Electrical or

mechanical failure.

13 3 Z)l

14 0 0

15 3 (Zll

16 ] (Z}!

I7 3 Z)S

Zl0 Mechanical or

electrical failure. 18 3 (Z)Z

Rupture or leak 19 3 3

exces stvely '• .....................

Rupture or leak 20 3 Z

..... excessively. . ......

211 Electrical or mech- Z1 3 12.

anical failure.

ZI2 Fails open. ZZ 0 l
i

Fails closed. Z3 3 I J

J
O __

Fails closed. 25

._; ; Sill

:._ .-.._a_-_-_J_'----_i
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Table 9. (Cont'd)

rAlllr_[ ANIA1YKI_ CHART (¢,IIORT rop_al FoR: 5-IVIL_]'Af.j_I_QF _ATURI'f V VEIIIGLE ...............

5"fSTEM FAIII_F MODES
gYSlEk_: llydra.li_ El. NO FAILI111ES

Single Engine Cnntr_l S.h'_y'-_h,m I. ALL ENGINIE5 fAll ,t. GI.IIDANCE FAItL1RE

_t,,lc-,ff tl_ Arl RcliO,iliI,_ Iq'_lln,nt,. 2. 5H'JGLE [lqGllq[ FAILURE 4. CATASTROPHIC F'CPIC_'SIOVJ

COMPONENT COMPONFF,IT FAILURE MODE EFFECT OF COMPONENT ULTIMATE FAILLI_E PROBABILITY
FAILLII_E MODE SVSTEM ASSIGNABLE TO

-I
m j FAILURE EACH OPFRATIt4O

Z Zm

Cz. zz_n i _ _ MODE PHASE (X 10-'

"_ _ _ Z r S}ttlTr_
START RUI'4 "'_OWN

A.xiliary Pump l.ow

Pressure IAne FHtor

Low Pressure Relief

Valve

Low Pressure Over-

nard Drain Relief

Valve

Low Pressure Ground

_erviee Disconnect

High Pressure Grmmd

_ervlce Disconnect and

Gheck Valve

S-IV B STAGE ItYD

i! EJot_enl rHp[llres. _7

215 !_ Fails open. _8

Jt Fails closed. _9
__ li

121fi _ F'aU_ open. _,0

217 |Ruptures or leaks t2

]excessively.

.....lZig [ Fails open in combin- 13

arian

Fails closed 34

I (valve only}.

i
i

:lAIrl IC SYSTEM REI,IABJL TY

I
I

I
1

I

3 3

Redundant with find 0

numbr, r 216 valve. - ..........

0

Retlttndant with find 0

numhnr 2lh valve• -- ...............

0

3 D

3 n

0 O

TOTAl 61

Disconnect and valve

are r_dunrlant in

flitzht.

• 9919

 ---iiAII
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Table 10.

FAILURE AIxlALYSISCHART (SHORT FORM) FOR: S-ll and S IV ft SInKe_ .f Saturn V Vehicle

SYSTEM: Tank and Protu'll.ml f.r ,'f-2 Engine

STATE-OF-TIIE-AtlT

COMPONENT

GO Z Diffuser

LO 2 Tank vent valves(Z)

iLOz Tank Preasuriza-

:ion solenoid valve.

LO 2 Insert,Disconnect

_Fill Drain & P_Irgg .....

3H Z Diffuser,

LH Z Tank Vent Valves

:z)

[-,Hz Tank Pressurlza-

Hoe solenoid valve.

LH Z Inserting Discon-

sect, Fill Drain and

Purge,

Helium Receiver Tanks,

fill and disconnects (Z).

n

He Check Valves

Emergency Shutoff

valves - Z per engine.

(LO Z, LHz)

E(EI,TA[31],ITY ESTIMATE

coMPONEN) FAILURE MODE

60

61

62

63

64

65

66

67

68

69

Zl,

31

Clogg, contamination.

Fails closed

Fails open.

Fails open.

Fails closed

Leaks,

Clogg, ¢ontain_

Fails closed.

Fails open.

Fails open.

Fails closed.

Leaks.

Leaks,

Leaks.

'Included with engines)

EFFECT OF COMPONENT

FAILURE MODE

Redundant.

Slow leak, possible

)erformance loss.

Lack of pressuriza-

tion.

Loss of tank purge.

Redundant.

Slow leak, possible

.performance loss,
i

i,ack of pressurizatiot

Y_ _v

,ass of tank purge.

Loss of tank pressure

Loss of tankpressure

"'P-l" TOTAL :

i_ =. 9972,

PT = " 9940,

_hill

Dovrn

0

0

0

3

3

0

0

0

3

3

0

0

0

IZ

ne start

_ro start

FAILURE PROBABII [TY1
AS51GNABLE TO J

EACH OPEI_ATIIxlG J

PHASE l

I s.UT/
;TARTRUNI_OWN]

_
° , |,I°

I I

o o 'qo

l 1 1) '{ 1
!
I

1 1 :) ) I

0 1 3 ! 0

l 3 ', 00

...... 4---
t

0 I 3 i 0

! 1 0 ', 1

0 I D 0

0 I 9 0

0 I 0 0

4 12 014
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Figure 12. Reliability curves of S-I and S-II stages, engine cluster wlth
five engines, four with TVC
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SECTION IV

SUMMARY OF RELIABILITY ESTIMATES

STATE-OF-ART RELIABILITY ESTIMATE

The following listing is a summary of the reliability estimates for

the various equipment systems associated with the Saturn V propulsion

systems.

i.

2.

3.

4.

5

6

7

8

9

i0

ii

F-I Engine Reliability (with hold-down) is • 9902.

F-I Hydraulic (TVC) Reliability is . 9987.

S-IC Stage Fuel System Reliability is .9956.

S-IC Stage Oxidizer System Reliability is .9931.

S-IC Stage Control Pressure System Reliability is .9981.

J-Z Engine Reliability for one (in Flight) start is .9782.

J-Z TVC Reliability for one start is .9970.

J-2 TVC Reliability for two starts is .9936.

J-Z Tank System Reliability for one start is ,9972.

J-Z Tank System Reliability for two starts is •9940,

The S-IC Stage Reliability for five engines, four TVCs,

and supporting systems is .933 (for NEOC).

12. The S-IC Stage Reliability for same as item eleven above,

but for SEOC is .969 (Isolation factor = 75%).

13. The S-If Stage Reliability for five engines, four TVCs and

supporting systems for one start is . 880 (for NEOC).

14. The S-If Stage Reliability for same as item thirteen above,

but for SEOC is .970 (Isolation £actor = 75%).

15. The S-IVB Engine Reliability, one engine for one restart

is . 9522.

16. The S-IVB Pr0phisidnStage Reliability, one engine, one

TVC (Hydraulic), and one tank system, for one restart (two starts)

is •938.
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SATURN V PROPULSION SYSTEM

RELIABILITY ESTIMATE CALCULATIONS

The following is a brief summary of some of the calculated results

of this study, based on the mathematical techniques presented in

TEMPO report RM 63TMP-Z4 relating to the Saturn I revised pro-

pulsion system reliability analysis.3 Refer to the List of Symbols

on the last page of this section for definition of symbols used in this

summary.

Simplified S-II and S-IVB Engine Tanks

and Propellant Feed System

qTl = IZ (chill down) ; qTZ = 0

* =0
qTZ = 4 (start) ; qTZ

qT3 = IZ (run) ; qT3 = 0

qT4 = 0 (stop); qT5 = 0

hence for the S-II stages,

q TO = (iZ + 16) = Z8

PTO = "997Z; Reliability of tank system for one in-flight start,

and for the S-IVB stage,

_TO = (IZ + Z0 + IZ + i6) = 60

_TO = '9940; Reliability of tank system for two in-flight starts.

S-II Propulsion System Reliability

With five J-Z engines, 1 tank system, 4 TVGs.

1. No Engine Out Gapability (N. E. O. G.)

a.

qe0

qel

Single Engine Reliability

= (qel + qez + qe3 + qe4 ) (1)

= (4 + 8) = 1Z, chill down (first figure in parenthesis

is the catastrophic failure mode)

* = 4
qel
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qez = (5 + 79) = 84, start

* =5
qez

qe3 = (Z7 + 88) = I15, run

* = 27
qe3

qe4 = (0 + 7) = 7, stop

* = 0
qe4

therefore,

qe0

qe0

• = .9782, Single engine reliability for= Z18 , Pe nv
all failures

= 36 ; Pe0 = "9964' Single engine reliability against
catastrophic failure

b. Cluster of Fi_e Engines

With 4 TVCs single TVC estimated reliability for S-If

stage is:

- = 30
Pv •9970 ; qv

= l - (qe0 + qv )4 (1- qe0 ) (2)

=[l-(Zl8+ 301]4 (.978z)

henc e,

• 890, for S-II propulsion (less tanks).

c. Cluster of Five Engines and Engine Shutdown

(S.S. D. ) Capability

Of the 36 failures resulting in catastrophic failures, it

is assumed that about half of these could be reduced to

safe shutdown of engine, if sensor system were used.

Thus, the isolation factor is estimated to be:

- . 50 qeo (3)

I-F- -\qeO ¥/5o *qeo

= (z001 Z36) = .85

A rob. nm_L _ .
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I) For IF = .85, Engine and TVC cluster reliability

for safe shutdown, (but not S.E.O.C.) is:

2) Propulsion System, S-II S.S.D. reiiability including

tank system is"

Rp = (. 972) (. 9972) = • 969Z

which permits alternate mission, safety, etc.

3) Propulsion System, S-If, mission success reliability

is:

Rp = (.890) (.9972) = .8880 (N.E.O.C.)

and

_,, 5
Rp = (.9964) = .9822 (N.E.O.C.) reliability of engine

cluster against catastrophic failure.

2. Single Engine and Single TVC Out Capability

Numerically, this is the same as R ':'p for S.S,D. , thus, the

cluster propulsion re!iabi!ity for mission success is:

Rp =.970 (S.E.O.C.) .

S-IVB Propulsion System Reliability

1. One-J-Z Engine and One-TVC; for one restart (two starts).

qeo = (2qel + 2qe2 + 2_qe3 + qe5 + qe4 ) (4)

where

qe5

qeo

= (4 + 45) = 49 (shutdown, restart required)

* = 76
= 478 and qe0

Pe0 = "9522' p* .9924eO

2. S-IVB "TVC" system reliability was calculated for two

complete runs and a coasting period:

Pv .9939

ilil_ L
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3. The S_IVB engine tank and propeL[ant feed system reliability

estimates for the two chili downs, two starts, two runs, one

shutdown and one stop is_

qT = '994@.

4. The total S-IVB propulsion stage reliability for the engine_.

TVC, tank and feed system is:

P -- (.95ZZ) (.9939) (.9940) = .938.
i,i
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LIST OF SYMBOLS

Pe0

Pel

Pe2

Pe3

Pe4

Pe5

q

PTO

N.E.O.C.

S.E.O.C.

S.S.D.

S

G S

G
O

B S

B
o

Total engine reliability

Englne reliability, during chili down

Englne reliability, during start

Englne reliability, during run

Englne reliability, at stop (no restart capability)

Englne reliability, at shutdown {for restart capability}

Englne unreliability, (probability of failure, usually

given in ten thousandths}

Reliability in catastrophic failure mode (p = l-q x I0 "4)

Total tank system reliability, etc.

No engine out capability

Single engine out capability

Safe engine shutdown

Sensor reliability, all failure modes

(i -G ) probability of shutting down good engine
O

(i- GS) probability of not shutting down good engine

Probability of shutting down a bad engine

(I-Bs), probability of not shutting down a bad engine

(Bo/Gs), probability ratio of two engine sensor failure

modes.
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I E

I V

Cluster reliability for m engines._

out capability for each

IsoLation factor for engine

Isolation factor for TVC system.

n TVCs and one

,__ Imll "NB g ai'_ am
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